Abstract-Virgin olive oil is an important ingredient of the Mediterranean diet highly appreciated for its beneficial health effects due to the presence of mono-unsaturated fatty acids and antioxidant properties. The olive oil quality is defined by many parameters, among which acidity and peroxide index and according to international regulations, these two determinations are carried out in laboratory environment, by means of manual titration. This kind of method, however, cannot be used on oil production sites, where, instead, it would be desirable to know the main characteristics of the oil for proper product classification. In this paper, a new technique to measure olive oil acidity by electrical conductance is presented that allows for fast, costeffective, and on-site measurements. Such a technique has been validated with a set of 55 olive oil samples. Two different oil emulsions have been used and compared for the measurements: based on a hydro-alcoholic solution (60% ethanol 40% distilled water) and distilled water, respectively. The data show that the electrical conductance of the emulsion with hydro-alcoholic solution is a strong function of the olive oil acidity, that can be estimated with good accuracy (R 2 = 0.9308). The experiments with distilled water, instead, exhibit no significant correlation between oil acidity and emulsion conductance that, however, is found to provide information about peroxide index, polyphenols content, and filtration technique. Furthermore, using both types of emulsions to compensate for conductance variations other than free fatty acids the accuracy in acidity determination can be improved reaching R 2 = 0.9786.
I. INTRODUCTION
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on worldwide patterns of cancer mortality [2] has shown how mortality from breast and colorectal cancer is lower in countries with higher olive oil consumption. Moreover, olive oil properties appear also to reduce mortality from coronary heart diseases [3] . Currently, about 90% of the world olive oil production is from the Mediterranean basin with the European countries responsible for about 82% of the production [4] . Spain with over 320 million olive trees is the largest producer (37% of the world production), followed by Italy (24%) and Greece (22%). Other emerging olive oil producers are California (USA), Australia, New Zealand and Chile [5] .
Two of the most important parameters used to define olive oil quality are acidity and peroxide index. The former, defined as the amount of fatty acids no longer linked to their parent triglyceride molecules and expressed as grams of oleic acid in 100 g of oil, strongly depends on the quality and freshness of the olives used to produce the oil [6] . The peroxide index, instead, is a parameter used to quantify the oil primary oxidation and is defined as milliequivalent of active oxygen per kilogram of oil (meq O 2 /kg oil). Such an index is related to the ripeness of olives and the storage conditions of the oil after the production. During the storage period, both light and high temperatures negatively affect the peroxide value, making it to grow.
According to the measured values of acidity and peroxide index olive oil can be classified in different categories of product quality. The best is extra-virgin olive oil (EVOO), that must feature acidity < 0.8% and peroxide index < 20. Virgin olive oil is characterized by acidity between 0.8% and 2% and peroxide index < 20, while lampante olive oil features acidity higher than 2%.
The European Commission regulation No. 2568/91, with subsequent amendments, defines manual titration, that must be carried out in a laboratory environment by trained personnel, as the reference methods to measure acidity and peroxide index in olive oil [7] . In many cases, such a technique requires sending oil samples to often far away labs and waiting days for responses, with significant costs and time wasting.
Therefore, a fast and cost-effective method to determine the main oil parameters on-site for proper product classification would be highly desirable, and innovative techniques have been proposed to this purpose, such as: optical Near-InfraRed (NIR) spectroscopy [8] , [9] , spectral nephelometry [10] , [11] , time domain reflectometry [12] , [13] and pH-metric determina-tion [14] . These techniques are competitive with the reference methods in terms of measurement speed, but require expensive instrumentation and/or are characterized by low accuracy.
In this context, Electrochemical Impedance Spectroscopy (EIS) is a very promising technique that, in recent years, has been used for the characterization of different food products such as: apple bruise detection [15] ; control of persimmons' ripening stage [16] ; automatic classification [17] and control of the freezing process of ice-cream mixes [18] ; detection of bacterial concentration in ice-cream [19] , [20] , raw milk [21] , beer [22] and water [23] . The method consists in the application of a sinusoidal test voltage in a broad range of frequencies to the sample under test (SUT) and in the measurements of its electrical behavior, i.e. |Z| and Arg(Z), used to estimate the product parameters of interest.
The authors of this work have recently proposed to use EIS to measure olive oil acidity and shown encouraging preliminary results [24] . The proposed method is fast (response time in about 30 seconds) and usable for oil characterization in production environment, since: a) only non-dangerous and easily disposable ingredients are required; b) all solutions can be prepared in advance in disposable test-tubes, except, of course, for the addition of the oil to be characterized. In fact, such a technique can be used to realize sensors for fast, cost-effective and on-site characterization of olive oil at the production sites.
In such a technique the olive oil sample is mixed with a hydro-alcoholic solution to create an emulsion whose electrical conductance is then measured and it has been shown [24] to be strongly correlated to the oil acidity for samples featuring moderate-to-low oxidation (since secondary oxidation compounds directly affect electrical conductance). Moreover, since the sample electrical conductance depends also on oil storage conditions, the technique can also be used to evaluate product ageing and to discriminate EVOO samples from oils of lower quality.
This work describes in depth the technique to measure olive oil acidity by EIS. To this purpose, olive oil samples have been tested by creating an emulsion with two different aqueous solutions, one with a hydro-alcoholic solution (60% ethanol 40% distilled water), the other with distilled water. A mathematical model to describe the relation between electrical conductance of the emulsion with hydro-alcoholic solution and free acidity is presented and validated by means of measurements on a set of 55 olive oil samples.
The obtained results show that: a) the free acidity estimated using the hydro-alcoholic solution is accurate and adequate for most cases; b) taking into account the conductance of both the emulsions (with hydro-alcoholic and distilled water) a higher accuracy and a stronger correlation with data obtained with standard titration can be achieved.
II. MATERIALS AND METHODS
A set of 55 olive oil samples, taken both from local markets as well as Italian olive oil mills, have been investigated to study the correlation of the measured electrical parameters with the product free acidity and peroxide index.
For comparisons, the free acidity and peroxide index of all tested oils have been measured using the standard manual titration procedures defined by European Commission Regulation No. 2568/91 [7] .
During the analysis period the oil samples have been stored in dark room at 18°C to avoid changes in the parameters of interest.
A. Experimental Setup
All measurements have been carried out using the experimental set-up shown in Fig. 1(a) . The oil emulsion with aqueous solution is hosted in a 50ml tube featuring a couple of stainless steel electrodes, with 6 mm diameter and 12 mm spacing between them, used for electrical characterization. Such a tube, hereafter referred to as "sensor", is stored in a Binder APT KB 53 thermal incubator at 20°C to guarantee that all measurements are carried out at the same temperature. The electrical SUT characterization is carried out with the LCR meter Agilent E4980A by applying a sinusoidal test signal of amplitude 100 mV and 55 logarithmically spaced frequencies in the range 20Hz-2MHz (the electrical parameter |Z| and Arg(Z) are measured for each test frequency). A Laptop PC system is used to control the LCR meter by USB interface, display the results and data filing. All the software for instrumentation control has been realized with LabVIEW (National Instruments, USA).
Each oil sample has been tested using different solvents to create two type of emulsion:
• 15 ml of hydro-alcoholic solution (60% ethanol 40% distilled water) and 1 ml oil, • 15 ml of distilled water and 1 ml oil. The two solvents have been chosen because of their different polar properties: water is not miscible with olive oil but is capable of extracting from it some minor polar components (sugar, phenolic compounds, short chain free fatty acid) [25] ; ethanol, on the other hand, shows a minor polarity due to the ethyl group C 2 H 5 , and reduces the extraction of polar compounds potentially interfering favoring the extraction of free fatty acids. After olive oil is added to the aqueous solution within the sensor, the obtained SUT is vigorously stirred for about 40 seconds to create the emulsion and its electrical characteristics are immediately measured with the LCR meter.
B. Electrical Characterization of the Emulsion
The tested samples have been electrically characterized for both emulsion types with the LCR meter. In Fig. 1 (b) the Bode plots (|Z| and Arg(Z) plotted vs. frequency) are shown for the oil emulsion with the hydro-alcoholic solution. The curves feature a single-pole behavior in the investigated frequency range, that can be modeled with an equivalent circuit composed of a resistance (R m = 1/G m ) and a capacitance C m in parallel [24] . The curves obtained for the distilled water and the corresponding emulsion, not shown here, can also be modeled with such a circuit. The electrical parameters G m and C m have been extracted from the measured impedance spectra using the software Multiple Electrochemical Impedance Spectra Parametrization (MEISP) v3.0 by Kumho Chemical Laboratories. The capacitance C m is essentially due to the dielectric properties of the emulsion and has been found to be almost the same for all the tested samples. Since the dielectric properties of vegetable oils are known not to exhibit significant differences at frequencies lower than 100 MHz, only the measured electrical conductance G m is considered hereafter.
C. Model of the System Under Study
As for the underlying chemistry, Fig. 1(c) shows the dissociation reaction of the free fatty acid molecule (which belongs to carboxylic acid group), where R is the monovalent functional 7 . Long chain fatty acids, even if characterized by an high observed pKa [26] , are classified as Brønsted-Lowry weak carboxylic acids due to their ability to donate a proton (H + ). The contribution to the electrical conductivity is essentially due to the H + ions since these are characterized by much higher mobility than the RCOO − group. Indicating with n the number of H + ions due to breaking of free fatty acid molecules RCOOH in 100g of oil, and with C the olive oil acidity (number of RCOOH molecules in 100g of oil), the electrical conductance G m,RCOOH due to the ionization of fatty acids can be expressed as:
where K F accounts for the electrodes geometry, m is the molar conductivity (electrical conductivity for 1 mole of electrolyte) and α is the degree of dissociation of the electrolyte. For weak electrolytes, as is the case for free fatty acids, α, defined as the ratio between m and the molar conductivity at infinite dilution ( m0 ), is significantly lower than 1 and function of C. Denoting with K C the equilibrium constant of Ostwald's dilution law, it is:
and, if α << 1 it is:
Thus:
The molar conductivity m also depends on the electrolyte concentration due to the variation of ions mobility with concentration (affecting inter-ion interaction). To model this effect, the Kohlrausch's law, strictly valid for strong electrolytes, can be used, at least as a first approximation, replacing the electrolyte concentration C with the concentration of dissociated electrolytes n. Thus: Indicating with G m0 the variation of the electrical conductance due to oil compounds other than free fatty acids, it is:
Equation (6) can be used, as first approximation, to model the electrical conductance of the emulsion as function of oil acidity. A more detailed model should consider that G m0 differs from sample to sample. As discussed in the next Section, the measured electrical conductance of the emulsion with distilled water (G m,mQ ) is not affected by sample acidity, hence its value can be used to estimate G m0 . Thus, Eq. 6 can be replaced by the more refined expression:
In this work, Equations (6) and (7) have been used to fit the measured data. All statistical analysis has been carried out with Microsoft EXCEL, while curve fitting has been made using the EXCEL add-on XLSTAT with non-linear regression. The estimated value of acidity has been determined by solving the non-linear equations (6) and (7) using the EXCEL function Goal Seek.
III. RESULTS AND DISCUSSION
First, the effects of oil acidity on the electrical conductance of both hydro-alcoholic and distilled water emulsions have been experimentally investigated and compared, finding that the former case is suitable to measure oil acidity.
Successively, the latter case has been considered to identify the contribution of the oil compounds to the electrical conductance of the emulsion, to study the possibility to use such an emulsion for further oil qualification.
Finally, the mathematical model developed in Section II-C has been used to estimate the acidity of 55 olive oil samples, taken from local markets as well as Italian oil mills.
A. Effects of Oil Acidity on Emulsion Conductance
Olive oil samples differing only for acidity value have been artificially created by adding known concentrations of oleic acid to a commercial virgin olive oil. Four different test samples have been created featuring acidity values of 0.35%, 0.75%, 1.25% and 2.25%. All measurements have been carried out in triplicate and both mean value and standard deviation have been calculated. The measured electrical conductance G m is plotted vs. acidity in Fig. 2 for the emulsion created with the hydro-alcoholic solution (a) as well as with distilled water (b).
In the case of the hydro-alcoholic solution (Fig. 2a) , the emulsion conductance increases with acidity as expected from the model presented in Section II-C. Fitting the experimental data with equation (6) In the case of distilled water (Fig. 2b) , instead, the emulsion conductance does not exhibit evident correlation with the sample acidity. A Pearson correlation test has been carried out with a level of significance of 0.05 and the results (Pearson correlation coefficient r of 0.094 and bilateral p-value of 0.772) confirm the absence of correlation between G m and sample acidity. The reason because free fatty acids affect the electrical conductivity of emulsions based on hydroalcoholic components but not those using water is the polar characteristics described before. Smaller carboxylic acids (up to 5 carbon atoms) are soluble in water, while carboxylic acids linked to a longer alkyl chain are much less so due to their increasing hydrophobic nature (but are rather soluble in less polar solvents such as ethers and alcohols).
B. Conductance of Emulsions With Distilled Water
Since the electrical conductance of the emulsion between olive oil and distilled water does not depend on sample acidity, we have investigated if this kind of emulsion can be used to extract other oil parameters of interest, in particular the peroxide index and the phenolic content. Fig. 3(a) shows the measured value of G m vs. peroxide index for the 55 olive oil samples mentioned at the beginning of Section II. A Pearson correlation test has been carried out with a level of significance equal to 0.05. The calculated Pearson correlation coefficient r is 0.648 (with a bilateral p-value < 0.0001), clearly indicating the presence of correlation between G m and the peroxide index. Peroxides are formed from some fatty acids when the oil gets in contact with oxygen, during the milling process as well as during storage. Peroxides are unstable compounds that are further oxidized to produce volatile and non-volatile compounds (such as aldehydes, ketones and hydrocarbons). The high G m value obtained for the oil samples with high peroxide index is probably affected by compounds produced by secondary oxidation. Since, the linear regression line correlating G m with peroxide index can be expressed as G m = 0.346 · P I + 8.509 with a coefficient of determination R 2 = 0.42, only 42% of the data variability can be explained by the peroxide index.
To investigate if phenolic compounds can affect the emulsion conductance, standard reference compounds of two major phenolic compounds (oleuropein and tyrosol) and a minor compound (caffeic acid), usually present in very small amount in EVOO, have been dissolved in distilled water in different concentrations and the electrical conductance of the obtained sample has been measured. The results are presented in Fig. 3(b) for the three compounds and in Fig. 3(c) for only oleuropein and tyrosol. In the case of tyrosol no significant correlation has been found between G m and the different level concentrations (a Pearson correlation test with a significance of 0.05 has been carried out and the results, r = -0.144 and p-value = 0.711 confirm the absence of correlation). Oleuropein concentration, instead, features a significant linear correlation with G m (R 2 = 0.986), while with caffeic acid G m variation depends on the concentration and it is about 10 times higher than in the case of oleuropein but the relation is nonlinear. In fact, the measured data vs. concentration have been found to exhibit a squared root type of relationship, indicating that caffeic acid behaves as a weak electrolyte in distilled water.
The variation of G m as function of filtered technique used to treated olive oil is presented in Fig. 3(d) . A non filtered olive oil (NF) has been filtered using six different techniques: #1 precoat with cellulose fiber M09, dosing with cellulose fiber M09; #2 precoat with cellulose fiber M09 and diatomaceous earth enoradal 3, dosing with cellulose fiber M09 and diatomaceous earth enoradal 3; #3 precoat with cellulose fiber Arbocel BC200, dosing with diatomaceous earth Dicalite 6000 (coadjuvant 10%); #4 precoat with cellulose fiber Arbocel BC200, dosing with diatomaceous earth Dicalite 6000 (coadjuvant 15%); #5 precoat with diatomaceous earth enoradal 3, dosing with diatomaceous earth onoranda 3; #6 precoat with cellulose fiber M09, dosing with diatomaceous earth enoradal 3. The G m of emulsions created between each sample and distilled water has been measured (in all cases in triplicate). An ANOVA test (with a level of significance of 0.05) has also been performed to test significant differences in G m between the 7 samples.
The results indicate that three different groups (including samples whose G m value is not significantly different) can be identified: group A (#1, #2, #3, #5, #6), group B (#2, #3, #4, #5, #6) and group C (NF). The non-filtered sample features a G m (average value 9.132 μS) much lower than the others (ranging from 14.6 μS to 16.731 μS), while samples #2, #3, #5, #6 can be associated to both groups A and B. A significant difference in G m exists between sample #1 and sample #4.
C. Acidity Measurement
The set of 55 olive oil samples has also been tested to investigate the accuracy in acidity determination. Fig. 4(a) shows the measured G m of the emulsion in hydro-alcoholic solution vs. the acidity and data fitted with equation (6) √ C 3 and the coefficient of determination R 2 = 0.877. By calculated nonlinear equation, acidity has been estimated using the EXCEL function Goal Seek. Fig. 4(b) shows the estimated acidity vs. acidity determined by means of titration: the linear regression equation y = 1.0436x -0.0066 and the high coefficient of determination (R 2 = 0.9308) show that the value of acidity determined by Electrochemical Impedance Spectroscopy (EIS) is sufficiently accurate.
Finally, measured G m values for both the emulsions using the hydro-alcoholic solution and distilled water have been used to best fit Equation (7) . With the result G m = 0.068G m,m Q − 0.586 + 3.001 √ C − 0.092 4 √ C 3 (coefficient of determination R 2 = 0.959) the acidity value has been estimated using EXCEL function Goal Seek and the results are presented in Fig. 4(c) . As can be seen, this procedure increases the accuracy of the estimated acidity value (linear regression equation y = 0.9954x + 0.0062 and R 2 = 0.9786) due to the compensation of G m variations in hydro-alcoholic solution caused by other than free fatty acids with the value measured in the emulsion with distilled water.
D. Towards a Low-Cost Embedded System
The proposed technique can be easily implemented in the form of a portable embedded system realized with low-cost electronics for in-situ measurements directly within olive oil mills. Preliminary measurements have shown that the emulsion electrical conductance can be reliably estimated (with error lower than 0.5%) from the real component of the emulsion admittance measured at a single frequency lower than 100 kHz. This allows the measurement to be implemented using an "ad hoc" designed electronic board, similar to the one presented in [23] .
As for temperature, that of the sample can be set to the target value by means of an heating system, to be controlled by a thermoregulation electronic board, as the one discussed in [23] .
The further implementation of wireless transmission would allow rapid collection of data through a sensor network for real-time, quick quality control.
Future work will be focused on the realization of such a system where the user would have only to inoculate a known quantity of the oil to be tested in a disposable container (in practice a lab tube modified as in [23] ) pre-filled with all other harmless and stable reagents required as discussed in Section III (in practice the hydro-alcoholic solution).
After inserting the tube in the thermo-regulated socket, the oil acidity could then be immediately read.
IV. CONCLUSION
In this paper a technique, based on Electrochemical Impedance Spectroscopy has been presented that allows to accurately estimate olive oil acidity by measuring the electrical conductance of an emulsion between the oil and an hydro-alcoholic solution (60% ethanol 40% distilled water). Furthermore, it has been shown that the measured electrical conductance of an emulsion with only distilled water is not sensitive to oil acidity, but depends on other oil characteristics, in particular the presence of oxidized compounds.
A mathematical model expressing the electrical conductance of the emulsion in hydro-alcoholic solution as a function of oil acidity has been presented and validated by means of a set of 55 olive oil samples.
The results show how an accurate determination (R 2 = 0.9308) of olive oil acidity is feasible by measuring the electrical conductance of the emulsion with hydro-alcoholic solution. If really necessary, such a value can be further refined taking into account also the conductance of the emulsion in distilled water (R 2 = 0.9786), because this allows to compensate for conductance variations not due to free fatty acids. Moreover, measured conductance values in distilled water provide a rough estimate of the sample peroxide index.
The experiments of this work have been carried out with lab instrumentation. However, the presented technique can be implemented in the form of a low-cost electronic embedded system. In particular, it is suitable for the realization of a mobile, stand-alone instrument to be used for on-site (immediate) product characterization, thus leading to significant reductions in costs and time compared with the current practice requiring samples travelling to and from distant labs. Prof. Riccò is a member of the Wolfson College, Cambridge, U.K., and the Centennial Chair at the Indian Institute of Science, Bangalore, India. He has been involved in microelectronics, and has authored and co-authored over 450 publications (with an h-index Google Scholar of 38), more than half published in major international journals, three books, and holds 15 international patents.
